Predation is a major selective pressure for prey; however, the stress response to predation risk and the relative importance of natural versus anthropogenic stress factors in wild populations of animals have rarely been studied. We investigated the level of fecal glucocorticoid metabolites (FGMs) in 6 populations of red deer and roe deer exposed to potentially different levels of stress, resulting from both natural (predator presence, forest cover, undergrowth, ungulate density, and temperature) and anthropogenic (hunting harvest, percentage of build-up areas, and road density) factors. We found the highest and most variable FGM concentrations in both ungulates in areas without large carnivores, and the lowest and least variable FGM levels in areas with wolf and lynx. Anthropogenic factors (hunting harvest, roads, and built-up area) positively correlated with the gradient of FGM levels in both species. Both the mean and the variance of the FGM concentrations measured within populations of both red deer and roe deer were affected positively by variation in hunting harvest and negatively by the minimum temperature. The variance in the roe deer FGM was also positively influenced by the percentage of built-up areas. The results indicate that stress in wild ungulate populations is lower and less variable in areas utilized by large carnivores than in carnivore-free areas where human-related factors predominate. This may be explained by evolutionary adaptations of prey animals constantly exposed to the risk of natural predation and their inability of adapting to the risk from humans probably due to its high intensity and erratic occurrence.
INTRODUCTION
Predation risk is a major selection pressure on prey behavior (Lima and Dill 1990) and physiology (Boonstra et al. 1998 ) and can thus significantly affect the demographic processes in animals (Creel et al. 2007 , Clinchy et al. 2013 . It was shown through experimental manipulation that predator-stressed captive snowshoe hares (Lepus americanus) elevated the stress hormone concentration, which caused a decline in their reproductive output (Sheriff et al. 2009 ). However, such relationships may not be easily revealed in wild populations, which are influenced by a complex set of interacting factors both of natural and anthropogenic origin.
Behavioral studies of elk in North America showed an overriding effect of hunters on the ungulates' responses compared with that of wolves (Canis lupus) and grizzly bears (Ursus arctos) during the hunting season (Proffitt et al. 2009; Ciuti et al. 2012) . However, as hunting periods and activity are generally spatially and temporally predictable (Proffitt et al. 2009; Cromsigt et al. 2013) , ungulates may adapt behaviorally to higher risk during the hunting season (Sönnichsen et al. 2013; Lone et al. 2015) . Therefore, the relative importance of natural and human-induced effects might alter during the nonhunting season and in areas with less intense hunting pressure (Kuijper et al. 2016) . Ungulate prey can also profit from the proximity to humans, as it reduces predation risk from large carnivores (Hebblewhite et al. 2005; Berger, 2007 , Atickem et al. 2014 Kuijper et al. 2015) . Moreover, these predation risk effects of both natural predators (Kunkel and Pletscher, 2000; Creel et al. 2005; Kauffman et al. 2007 ) and human hunters (Proffitt et al. 2009 ) may interact and are often associated with contrasting habitat characteristics (Cromsigt et al. 2013; Lone et al. 2014) . Therefore, it is difficult to predict the relative role of different interacting natural and anthropogenic factors in shaping stress level in the natural ecosystems, where, in contrast to experimental enclosures, controlling particular factors is often impossible.
To the best of our knowledge, only one study on the effects of predator-induced chronic stress in large mammals living in natural environments was conducted in Greater Yellowstone Ecosystem (GYE) by Creel et al. (2009) . The authors found no correlation between predation risk and fecal glucocorticoid metabolite (FGM) concentrations in an elk (Cervus elaphus) population exposed to different intensities of wolf predation pressure. The absence of response at the population level was explained by the elk's ability to reduce predation risk by behavioral responses (e.g., through habitat shifts: Creel et al. 2005) , probably diminishing hypothalamic-pituitary adrenal responses. Such an explanation seems plausible considering high heterogeneity of the GYE landscapes allowing the separation of foraging (risky) and refuge (safe) areas. This is also concordant with the risk allocation hypothesis (Lima and Bednekoff, 1999) , which predicts that maintaining high vigilance under chronically high risk is unlikely from the point of view of the animals' energetic requirements. However, as the vigilance may be associated with excretion of the FGMs (Voellmy et al. 2014) , and the vigilance itself may be modified by environmental factors , it still leaves room for variability in animal stress responses. Thus, in contrast to highly diversified landscapes of the GYE, the indirect effects of predators may work differently in other, e.g., more homogenous ecosystems, where ungulates may be exposed to constantly high predation risk.
Currently, large carnivores are recolonizing landscapes dominated by humans, especially in Europe (Chapron et al. 2014 ) and North America (Ripple et al. 2014) . Hence, the knowledge on the potential impact these predators might have on their prey in comparison, and in interaction with other anthropogenic or environmental factors in these landscapes, is critically needed (Kuijper et al. 2016) .
We predict that ungulates exposed to high and continuous predation risk resulting from the presence of two large carnivores may experience chronic stress and respond with higher FGM concentration than populations living in predator-free areas. Although this would contrast to the risk allocation hypothesis (Lima and Bednekoff, 1999) , chronic stress may be expected when prey cannot predict exactly where predators are (Brown et al. 1999) and when predation risk is high and either virtually constant or frequently recurrent (McArthur et al. 2014 ). We used a unique opportunity currently occurring in Poland of examining the relationships among the FGM levels in populations of 2 ungulate species-red deer (C. elaphus) and roe deer (Capreolus capreolus)-and the level of predation risk in different areas with contrasting predator presence: 1) areas inhabited by 2 large predators (wolf and Eurasian lynx, Lynx lynx), 2) areas recently colonized by 1 species (wolf), and 3) areas unoccupied by large carnivores. Due to high differentiation of the study areas regarding nonpredatory factors (both natural, such as habitat characteristics and ungulate densities; and humanrelated, including hunting pressure and infrastructure intensity), we anticipated a variability in the perceived risk by ungulates in response to potentially different stressors. Therefore, we were also able to test the relative importance of natural predation pressure and other factors potentially capable of evoking stress in mammals.
MATERIALS AND METHODS

Study area
The study was carried out in 6 large forest complexes in Poland selected with regard to presence or absence of large carnivoresthe wolf and the lynx, located in different parts of the country (Figure 1) . Both, the wolf (average body mass 45 and 35 kg for adult males and females, respectively) and the Eurasian lynx (22 and 17 kg for males and females, respectively) are predators specializing on ungulates. Their main prey are the red deer (average body mass 69 kg) and the roe deer (average body mass 18 kg). However, although the wolf predominantly preys on red deer (Jędrzejewski et al. 2002a) , the lynx mainly kills roe deer, but can also kill red deer relatively often . The wolf, typical for canids, is a cursorial predator (chasing the prey) and the lynx is a stalking (ambush) predator, typical for felids (Schmidt et al. 2009 ). Both carnivores have existed continuously in eastern Poland, except for relatively short periods of extermination at the turn of 19th and 20th centuries and during the 1960s Jędrzejewski et al. 1996) . Since 1970, the hunting bag for both species was low enough for their populations to achieve relative stability and they have become fully protected since 1995 (lynx) and 1998 (wolf). Due to protection, the wolf started to slowly expand its range, and only after 2005 they have established populations in a few forest complexes in western Poland (Nowak and Mysłajek, 2011 ). Lynx has not been able to establish new populations beyond the areas occupied before protection.
Our 6 study areas consisted of the following: 1) 2 areas with 2 large carnivores in eastern Poland-the Białowieża Primeval Forest (BPF-1450 km 2 ; however, only 600 km 2 was accessible for sampling due to location of the BPF across Polish-Belarussian border) and the Augustów Primeval Forest (APF-1600 km 2 ); 2) 2 areas occupied since 2007 by single species of large carnivores (wolf) (Nowak and Mysłajek, 2011) in western Poland-the Lower Silesian Forest (LSF-1650 km 2 ) and the Noteć Forest (NF-1300 km 2 ); and 3) 2 areas in the south of the country where no large carnivores were recorded since 1970-the Stobrawa Forest (SF-800 km 2 ) and the Lubliniec Forest (LF-1000 km 2 ) (Figure 1 ). More detailed descriptions of the study areas are included in Appendix A in Supplementary Material, and its variability in terms of natural (forest cover, undergrowth, and ungulate density) and anthropogenic (built-up area, road density, and hunting harvest) factors is given in Table 1 .
Field sampling
A network of twenty 2-km transects for counting ungulate pellets for estimation of their relative abundances and collecting fecal samples for FGM analyses were established in each of the 6 study areas. We carried out the field sampling in the second half of March 2012 (BPF and APF) and 2013 (SF, LF, NF, and LSF). Selecting this period of the year allowed us to 1) minimize the direct effect of hunting harvest on stress response in deer (the hunting season for both roe deer and red deer lasts to the end of February in Poland), 2) account for potential effect of gestation on the concentration of FGM in females (Creelet al. 2009 ) by limiting collection of samples to 1 short period of pregnancy in all study areas, 3) avoid the effect of the rut season that occurs in October and July-August in red deer and roe deer, respectively, 4) ensure ambient temperature is low enough to keep fecal material fresh, and 5) minimize differences in temperature between areas. Freshness of samples was additionally controlled by visual assessment of pellets and searches of snow-tracks indicating recent deer activity. As storing samples at room temperature for 7 days was shown by Washburn and Millspaugh (2002) to have little impact on fecal glucocorticoid stability, we believe that our measures were sufficient to warrant minimizing the potential effect of temperature on our results. We aimed to collect 10 samples per each transect, although this amount was not achievable in 2 areas (LSF and NF) due to low deer densities. In total, we have collected and analyzed 739 (BPF: 220, APF: 228, LSF: 53, NF: 12, LF: 109, SF: 117) and 570 (BPF: 97, APF: 217, (Guimont and Wynne-Edwards 2006, Goymann 2012) . However, as reported by Huber et al. (2003a) , neither sex nor anonymous sampling had effect on the mean FGMs concentration in red deer. Moreover, the possibility of the individual bias was very limited in our study due to the wide spacing of our sampling (both within 2-km long transects and within large study areas). Individual identification of samples with molecular methods was not affordable in our case due to a very large sample set. Samples were kept cold in a portable refrigerator while in the field and later stored at −20 °C until analysis. All samples (including those collected in 2012) were analyzed between February and May 2013. Storing samples for up to 2 years at −20 °C was reported to reliably preserve the immunoreactive fecal glucocorticoids (Hunt and Wasser 2003) . The relative abundance of deer was presented as number of pellet groups per 1 km. Red deer and roe deer feces were easily distinguished from each other due to considerable differences in size. Because fallow deer (Dama dama) occurred in 4 of the 6 areas (LSF, NF, SF, and LF), we adopted three measures to exclude potential bias resulting from possible misidentification of their pellets. First, we conducted video-monitoring using the same network of transects in all study areas, which allowed us to conclude that only in one of the forests (SF) fallow deer abundance was substantial, although still constituted less than 12% of all cervids' records (authors' unpublished data). Second, to avoid potential bias in FGM analyses in red and roe deer by mistaken collection of fallow deer feces, we paid particular attention in SF to collect only unambiguously typical, large feces of red deer (2 cm) and typically small pellets of roe deer (1 cm) (Jędrzejewski and Sidorovich 2010) . Third, to ensure that accidental collection of fallow deer feces would not affect the results, we conducted a comparative analysis of FGM concentrations in fallow deer and red deer, kept under the same conditions and at the same time (Berlin zoo, March 13-31, 2014). However, as the red deer-C. elaphus was not available, we used the Barbary deer (C. elaphus barbarus), a subspecies of the red deer. We collected 10 fecal samples from 8 individuals of each species and conducted the analyses using the same immunoassay as applied for the field samples. The analyses revealed comparable FGM concentrations in both Barbary and fallow deer (379.8 ± 110.6 and 514.8 ± 268.1 ng/g, respectively).
Sources and processing of environmental variables
The following environmental variables were considered for analyses: 1) presence/absence of large carnivores, 2) percentage of forest cover, 3) undergrowth cover, 5) roe deer and red deer abundances, 6) percentage of built-up area, 7) road density, 8) roe deer and red deer hunting harvest, and 9) minimum ambient temperature.
Data on the occurrence of large carnivores were obtained from the database of the National Wolf and Lynx Census coordinated by the Mammal Research Institute Polish Academy of Sciences, Białowieża, Poland between 2000-2012 (Jędrzejewski et al. 2002b ; unpublished data at: http://www.zbs.bialowieza.pl/artykul/557. html). Excluding predator presence, all habitat characteristics were estimated at 2 spatial levels: study area and the transect scale (with 3 km-wide buffer). Corine Land Cover database (European Environment Agency 2006) and Database of Topographic Objects (obtained from the Central Office of Geographic and Cartographic Documentation, Warsaw) were used to calculate percentage of forest cover, road density, and percentage of built-up area (the area covered by buildings) with use of ArcGIS® 9.3 software. Data on the undergrowth cover were derived from the Informatic System of National Forests. Roe deer and red deer harvest data were obtained from the Research Station of the Polish Hunting Association and the Regional Directorates of National Forests in Białystok, Katowice, Wrocław, and Zielona Góra.
Data on ambient temperatures were obtained from: https:// en.tutiempo.net/climate/poland.html. Because we were not able to precisely determine the dates of defecation (although we aimed at collecting as fresh samples as possible), we considered the temperatures 1 week before sampling, counting back from 1 day before the collection date, to grasp the range of temperatures that were potentially experienced by deer. As the FGM excretion by red deer was found to be mainly affected by the minimum temperatures (Huber et al. 2003a) , we considered only the minimum temperatures in our analyses. The average minimum temperatures in particular areas for the mentioned periods were −5.2, −1.3, −8.3, −8.2, −6.6, and −5.1 °C in BPF, APF, LSF, NF, LF, and SF, respectively.
EIA procedure and separation of immunoreactive metabolites (HPLC immunogram)
For a reliable monitoring of adrenocortical activity in ungulates using FGM analyses, we conducted a physiological validation (adrenocorticotrophic hormone-ACTH-challenge) to ascertain that the enzyme immunoassay (EIA) used for detecting changes in the levels of FGM gives comparable results to respective changes of cortisol concentrations in the blood (see Appendix B in Supplementary Material).
All collected fecal samples were analyzed between February and May 2013. Before analyses' droppings collected in the field were mixed and kneaded to homogenize the samples before aliquots were stored for hormone metabolite analyses. Fractions of 0.5 g of wet feces were extracted for 30 min with 4.5 mL of 90% methanol and gently shaken on a horizontal shaker (SM-30, Edmund Buhler, Hechingen, Germany) to allow extensive mixing. After centrifugation (15 min at 1200 g), the supernatant was transferred into a new tube and diluted 1:1 with water. Aliquot portions of 20 µL were subjected to the respective EIAs. All hormone measurements were carried out in duplicate with microtiter plate EIA procedures and the results are expressed as ng per gram of fecal wet weight.
To investigate the composition of metabolites, the fecal extracts from samples from the ACTH challenge and field samples of red deer containing high amounts of FGM were analyzed by reversedphase HPLC. Prior to HPLC analyses, fecal extracts were purified on Octadecyl C18 columns (Chromabond ecf-C18 Sap, 200 mg, Machery and Nagel, Düren, Germany) as described by Dehnhard et al. (2001) . The eluates were evaporated in a heater at 55 °C under nitrogen and dissolved in 40% methanol. To characterize fecal steroid metabolites, 100 µL portions of fecal extract were used for HPLC analysis. A reverse-phase Ultrasep ES100/ RP-18/6 µm HPLC column (4 × 250 mm, Sepserv, Berlin) was used. Metabolites were separated using a methanol + water mixture with the following gradient: 60% methanol more than 5 min, 60-90% methanol more than 10 min, and 90-100% methanol more than 5 min. The flow rate was 1 mL/min. Fractions of 0.33 mL were collected at 20-s intervals over a period of 20 min and diluted with 1 volume of water, before 20 µL aliquots were added into the assay system. The elution positions of native cortisol, corticosterone, 11-hydroxyetiocholanolone, 11-oxoetiocholanolone, testosterone (T), and dihydrotestosterone (DHT) on this column were determined in separate HPLC runs.
The results revealed 2 major immunoreactive metabolites and 2 minor immunoreactivities in both deer species. One major immunoreactivity was coincident with the 11-oxoetiocholanolone standard confirming the presence of fecal 11-oxoetiocholanolones in both deer species (data not shown). Based on comparison of 7 different EIAs (Supplementary Material: Appendix B and Table S1), we determined that 11-oxoetiocholanolone-17-CMO-BSA performs best and this antibody was used for all analyses. The antibody (raised in rabbits) has been kindly provided by Dr Rupert Palme, University of Veterinary Medicine, Vienna, Austria.
Statistical analysis
The variability of habitat factors among all study areas (population level) was estimated with G-test of goodness of fit. To compare the measured values of FGM levels among forest complexes, with regard to the occurrence of large carnivores, we used the generalized linear mixed model (GLMM) fitted to the data in a Bayesian context (Kéry, 2010) . We assumed that mean values of FGM (at the transect level) come from the Gamma distribution parameterized by the mean and the standard deviation. We used the log-link on the mean to include the 3-level categorical explanatory variable "carnivores" (c0: no large carnivores, c1: wolf only, and c2: both wolf and lynx present) and the random effects for 6 different forest complexes (ungulate populations), assuming that their values come from a common Normal distribution with the mean equal to zero and the variance estimated from the data. Additionally, to control for a potential effect of temperature on FGM levels (Huber et al. 2003) , we included a continuous covariate expressed as a mean minimum ambient temperature in the week before sampling at a given transect.
To understand differences between the studied forest complexes (ungulate populations) in the main environmental gradients (both natural and human-induced) and measured FGM levels, we applied the principal component analysis (PCA) to the transect-averaged dataset. We visualized the results using the first 2 principal components (PCs) and grouped the points (transects) according to the presence of large carnivores (Figure 3 ).
Finally, we tested the relative effects of the main environmental gradients (both natural and human-induced) in a separate model. Due to large between-transect variations in the within-transect variance of FGM concentrations, as suggested by raw data (Figure 2) , we followed the hierarchical generalized linear model (HGLM) approach as presented by Cleasby et al. (2015) . The HGLM provides a unified modeling framework under which both the mean and the variance component of the model can be explained with a set of variables including possibility to define both fixed and random effects for each component of the model. Specifically, we adapted the "model 4" from Cleasby et al. (2015) . Similarly to our GLMM, we assumed that measured FGM values come from the Gamma distribution, but here the basic (observed) level of our model was the FGM value of a single sample (an individual group of pellets) which was further hierarchically nested within the transect level. As the explanatory variables for both the mean and the variance part of the transect-level submodel, we included all the environmental factors: hunting harvest, built-up areas, road density, forest cover, undergrowth, ungulate abundance, and the temperature (mean minimum ambient temperature in the week before sampling). We did not include the forest area as a random effect as there was a strong overlap (sensu Miller and Chapman, 2001) between this grouping factor and the environmental covariates; that is, the variation in covariate values between the forest areas was much larger than the variation between the transects within the areas (see Table 1 ). As with our modeling exercise, we aimed at understanding the relative importance of pre-selected factors in explaining the observed FGM values (i.e., directions of their effects) and not at maximizing the ability of our models to make predictions for other (new) areas, we did not follow any model selection procedures and instead fit the same model for both red deer and roe deer. We confirmed the fit of both models with a set of diagnostic plots (Supplementary Material: Appendix B and Figures S1-S4 ).
We ran all our analyses in the R statistical environment (R Development Core Team, 2014). The models were implemented and run in JAGS 3.4.0 interfaced with R through rjags 3.14 and coda 0.16 R packages (Plummer, 2003; Plummer et al. 2006) . For both models, we did not have any informative prior knowledge about the model parameter values; therefore, we exclusively used weakly informative priors (see the JAGS source code for the priors specification-Supplementary Material, Appendices C and D). Before we ran a model, we standardized (scaled) all continuous explanatory variables by subtracting the mean and dividing the result by the standard deviation of the original variables. To obtain posterior distributions of parameters for all competing models, we ran MCMC sampler with three chains for 30 000 iterations each (removing first 10 000 as a burn-in phase of the sampling process) and with thinning parameter set to 10 to avoid autocorrelation between samples. The convergence was assessed through visual inspection of MCMC trace plots and GelmanRubin diagnostics provided by R package coda 0.16 (Plummer et al. 2006) .
RESULTS
Variability of habitat factors at the population level
All study areas were characterized with similar percentages of forest cover (G-test of goodness of fit: G = 1.78, df = 5, P < 0.1); however, they differed markedly in terms of other analyzed natural (undergrowth and ungulate density) and anthropogenic (builtup area, road density, and hunting harvest) factors (Table 1) . It is noteworthy that all human-related factors had significantly higher values in the forests where no large carnivores occurred (LF and SF), whereas the natural factors had irregular patterns across study areas (Table 1) .
Variability of FGM concentration at the population level
The average values of FGM concentration differed markedly among 6 study areas in red deer and roe deer, and the pattern of this variability was consistent for both species in all study areas (Figure 2) . The GLMM has shown that FGM concentration was lower in the red deer populations inhabiting the areas with wolf and lynx than in the areas without large predators or with wolf only (Table 2 ). There was no difference, however, between FGM in red deer from the wolf-only areas and the areas with no carnivores. The FGM concentration in the roe deer was also lower in the populations from the areas with 2 carnivores than the ones where neither wolf nor lynx occurred. Although the confidence intervals (CIs) contained zero in this case, the probability of the difference was high. In contrast to red deer, however, there was no difference between the areas with 2 and 1 carnivore ( Figure 2 and Table 2) in the roe deer. The average minimum ambient temperature had no significant effect on the differentiation of the FGM levels among the areas with and without carnivores (Supplementary Material: Appendix B and Table S2 ).
Based on the PCA, the populations of both red deer and roe deer from the wolf and lynx areas were clearly separated from the others following the gradients of the FGM concentrations and the considered environmental factors (Figure 3a and 3b) . In both species, the gradient of FGM paralleled that of the harvest, and these were the major factors grouping the animals from noncarnivore Table 2 Comparison of the FGM levels in red deer and roe deer populations between the study areas with regard to the presence of large carnivores ("c0"-lack of large carnivores, "c1"-wolves present, and "c2"-wolves and lynx present) with use of the GLMM. "c0", "c1," and "c2": estimated mean values of FGM concentration in the respective areas. "c0-c1", "c0-c2," and "c1-c2": estimated differences (contrasts) between the areas. Contrasts for which the 95% confidence intervals do not contain a zero value are marked in bold. areas and differentiating them from those of 2-carnivore areas. The percentage of built-up area and road density contributed also to the differentiation of these populations, although it was less correlated to the FGM than the harvest. The correlation among the undergrowth, the ungulate abundance, and the minimum temperature was the factor responsible for grouping the animals of both species from the 2-carnivore areas (Figure 3a and 3b) .
FGM
Within-population variability of FGM concentration
There was a remarkable variation in FGM concentrations both within and between the study areas in both ungulate species. The highest variance was observed in areas without predators, whereas the variance was lowest in areas inhabited by both carnivore species (Figure 2 ). The analysis of HGLMs has shown that both in red deer and roe deer the hunting harvest was positively influential on the average and the variance of stress hormones level within populations (Figure 4a and 4b ). An additional positive influence on the variance of the FGM concentration in roe deer was also revealed for the percentage of built-up areas (Figure 4b ). There was also a clear, but negative effect of the minimum temperature on both the mean and the variance of the FGM in both ungulates (Figure 4a and 4b) .
DISCUSSION
In our study, we used the unique opportunity resulting from the current distribution of large carnivores in Poland and the diversified potential influence of anthropogenic factors to assess the relative importance of predation and human-related risk in evoking stress response in wild ungulate populations. We have shown a statistically important difference in the FGMs concentration between and within ungulate populations of both studied species (red deer and roe deer). The lowest and least variable FGM levels occurred in populations experiencing high predation pressure, whereas the highest and most variable FGMs were in populations that live without large carnivores. Our analyses suggested an overriding importance of anthropogenic factors in shaping the stress levels in wild ungulate populations.
Although glucocorticoids are an important measure of physiological stress in vertebrates in response to environmental factors, empirical studies are still not sufficient to understand its effects on animal fitness and population dynamics (Dantzer et al. 2014 ). Moreover, relationship between glucocorticoid levels and different proxies for fitness can be either positive, negative, or neutral (Bonier et al. 2009 , Crespi et al. 2013 ). Although we are aware of these limitations to correctly interpret the functional meaning of variation in FGM levels in free-living animals, we believe that our study provides rare empirical data on large-scale differentiation in stress hormone levels in wild populations of large mammals and its potential underlying factors.
Possible confounding factors
We are aware of a potential bias that may have affected the results of studies conducted in uncontrolled, natural environments based on FGM analyses through noninvasive sampling. According to a review by Goymann (2012) , a number of confounding factors, such as sex, diet, metabolic rate, pregnancy, ambient temperature, or bacterial degradation, are likely to influence the composition and concentration of hormone metabolites. Considering such risks, we took several measures in the design of our study to address and minimize these confounding effects. For instance, a short period of sampling conducted simultaneously in several areas, limited to the nonvegetative season (end of winter), minimized the potential effect of differences in ambient temperature, reproductive status, and seasonal fluctuations in food availability between areas. Our sampling design minimized the potential effect of occasional oversampling of deer individuals (e.g., representing different metabolic rates) (see Materials and Methods, but also Huber et al. 2003b) . It is quite unlikely that our sampling was more biased in some areas than in the others. Moreover, according to the study by Pavitt et al. (2016) , it is much more likely that the variance in the FGM we detected was due to different environmental stimuli to which animals were locally exposed rather than the variability of individual hormone phenotypes. Finally, a possible confounding effect could have resulted from differences in food availability and dietary variation among deer populations from the different study sites (Goymann 2012 ). Although we cannot exclude some variation among the forest types regarding the food availability (see Supplementary Material for description of study areas), we argue that the differences are not substantial to affect our results. Firstly, the limitation of our sampling to the nonvegetative season resulted in general scarcity of food in all forests irrespective of their composition during the field work. Also, supplementary feeding plays an important role in the ungulate management in all forests, and the sources of food provided are diverse and not necessarily originating from the given locality. Secondly, the design of our sampling with 2 study areas of each type (with or without predators) allowed us to double-check the consistency of the results with regard to potential differences in food availability. Indeed, the results obtained in the study areas with 2 species of large carnivores (BPF and APF) are most convincing, as they were very similar (both in terms of the level and the variance of FGM) despite important differences in tree species composition, with the BPF being composed of mixed and deciduous tree stands (rich habitat) and the APF being dominated by coniferous forests (poor habitat). Moreover, the tree stand composition of all the remaining forests was similar to each other, as well as to the APF. Thirdly, if the dietary differences are substantial, we would expect to find only an effect on the mean level of FGM, whereas in our study, an important result were the differences in the patterns of the FGM variance. Considering a possible effect of various pregnancy rates, we assume it unlikely in our case as there were no differences in red deer fertility detected between the BPF and APF in the previous study (Borowik et al. 2016 ). For the above reasons, we argue that the interpretation of our results we present in this paper is unlikely biased by possible confounding factors.
FGM concentration in ungulates and large carnivore presence
Our study suggests that exposure of ungulates to high predation risk resulting from the presence of 2 large carnivore species is not the strongest factor to evoke chronic stress detectable at the population level. As the pattern of the FGM levels was concordant for both ungulate species and for the two replicated study areas, it clearly supports its reliability. A similar result was obtained by Creel et al. (2009) during the study in the GYE. However, in contrast to our research, the gradient of predator pressure in the Yellowstone was based on the elk/wolf ratio continuum within one ecosystem characterized by a very diverse landscape. Thus, if the effect of predation risk would be possible to detect in the population FGM levels, it could be blurred by a lack of clear differentiation of the study sites by the presence or absence of predators and the heterogeneity of habitat offering abundant refuges. Our study design was based on spatially separated (few hundred kilometers) and differentiated study areas in terms of large carnivores' presence, which have warranted obtaining data from the deer populations both being under high predation pressure and free of it. Therefore, our results provide a clear confirmation that wild populations of ungulates exposed to persistent predation risk do not necessarily experience higher chronic stress compared with populations without large carnivores. This is in line with a recent study by Périquet et al. (2017) showing that zebras (Equus quagga) lacked a uniform hormonal response to presence of lions (Panthera leo), as a result of complex interactions between resource abundance and cues of predation risk. The possible evolutionary mechanisms being responsible for the presence or absence of chronic stress were formulated by Boonstra (2013) , who suggested that the chronic stress should occur only if it is adaptive and this may especially be the case in short living species showing population cycling. Contrary to that, behavioral adaptations allowing the avoidance of predation risk should evolve in natural ecosystems with populations of native predators and long-living prey species. Behavioral adjustments of ungulates to spatially and temporally varying levels of predation risk have been found (e.g., Creel et al. 2005 Creel et al. , 2008 Hochman and Kotler, 2007; Valeix et al. 2009 , Laundré, 2010 Courbin et al. 2013; Basille et al. 2015; Martin et al. 2015) . Moreover, the deer were shown to differentiate and behaviorally adjust to the level of predation risk from predators differing with hunting modes (Kuijper et al. 2014; Wikenros et al. 2015) as well as to the varying risk related to microhabitat at fine spatial scale . These findings suggest that ungulates being constantly exposed to the risk of predation are well equipped to recognize the risk in space and time as well to cope with it. Such behavioral adaptations are likely to enable ungulates not only to successfully avoid the risk of being killed but also may contribute to limiting stressful situations and levels of FGM in consequence. The precise awareness of risk is mandatory for the fitness of prey animals as their foraging sites are often targeted by predators, so they are forced to forage under inevitable risk of death .
Natural versus anthropogenic factors affecting FGM concentration in ungulates
Although the minimum ambient temperature was found to negatively affect the FGM concentrations in our HGLM, it had no effect on the among population FGM variability with regard to the presence of large carnivores. Moreover, the average and variance of FGM levels found in our study did not follow the typical pattern of the FGM concentration in relation to the range of minimum temperatures as reported by Huber et al. (2003a) . Our samples that were collected at the lowest minimum temperatures had FGM concentrations far exceeding those expected at the respective temperatures based on their results (see also Supplementary Material: Appendix B and Figure S5 ). This suggests that other factors than just the variation in the minimum temperature were driving the FGM levels in deer populations in our study.
The results of this study suggest that factors directly related to human activities evoke a stronger stress response than predation risk, detectable in FGM concentrations at the ungulate population level. Anthropogenic factors were responsible for the increase of the FGM concentration both at the population and the transect levels in our study. The factors included in our analyses were considered as general indicators of human disturbance rather than direct measures of particular components of the environment. This notion specifically concerns the hunting harvest, as we intentionally excluded the hunting season for feces collection to obtain data potentially unbiased by the anticipated strong influence of harvesting activity on animals' behavior (Benhaiem et al. 2008; Lone et al. 2015) . The most plausible explanation of this relationship is that hunting itself was not a direct cause of the elevation of FGM concentrations in deer, but the level of realized harvest in the area was rather indirectly resulting from the general characteristics of the area, which may influence its accessibility to humans. In this case, a combination with other human-related factors (roads and built-up) may contribute to the increased frequency of stressful events and the intensity of the animals' hormonal responses.
Indeed, the road density and built-up areas were pointed out as factors which positively affected the stress level in our analyses. The proximity to human-infrastructure was suggested by some studies to provide a refuge to prey animals (Hebblewhite et al. 2005; Berger, 2007) , which could create circumstances for lowering stress. This "human shield" effect, however, has been demonstrated to work in systems where no hunting occurred (Atickem et al. 2014) and thus the final outcome may probably vary depending on the relative strength of predation and the negative effect of anthropogenic activity. In our case, as the highest FGM levels were recorded in areas without large predators, the proximity to humans may be perceived by ungulates solely as a source of risk. Hunting by humans has been shown to largely affect ungulate behavior and spatial distribution (e.g., Benhaiem et al. 2008; Polfus, Hebblewhite, and Heinemeyer 2011; Ciuti et al. 2012; Sönnichsen et al. 2013) .
Our study design would be more complete if there was an additional site with deer populations living in an area neither under predator nor human pressure. However, we are not aware of such areas in Poland that would sufficiently be comparable with all other study areas. Moreover, because we considered in our study indirect indices of human disturbance rather than the direct influence of hunting, finding a control area without any human influence would be yet less realistic.
Variance in FGM levels and anthropogenic factors
Our study showed a great variance in the FGM concentrations at the transect level both between and within populations. Consequently, the potential stressors equally explained the variance of FGM levels in the HGLM as its average values. This finding indicates that particular individuals respond to acute rather than chronic stressors and that stress response detected at the population level is a result of the frequency with which the individuals experience current acute stress (MacLeod et al. 2014) . Despite this high within-population variability of FGM concentrations, the overall trend of higher FGM variance in populations occurring without large carnivores than in those living under high predation pressure was clear in both deer species. This result suggests that circumstances related to the occurrence of large carnivores create a relatively more stable and predictable risk for ungulate populations than those occurring in areas dominated by anthropogenic factors. It also suggests that a long-term coexistence with large carnivores could have resulted in evolutionarily established behavioral (Valeix et al. 2009; Kuijper et al. 2014; Wikenros et al. 2015) and physiological adaptations of prey animals to the risk of predation, allowing reduction of costs potentially incurred by chronic stress (Boonstra 2013) . In contrast, the risk resulting from a variety of human activities due to its high intensity and high probability of risky encounters at individual level, as well as its erratic occurrence, would disenable the animals' adaptive abilities, exposing them to strongly stressful situations. Such a scenario is consistent with the recent concept of humans as "super predators", whose effect, both directly (through exploitation) and indirectly (through various interferences), far exceeds the influence of natural predators (Darimont et al. 2015; Clinchy et al. 2013) .
Although human activity may be characterized by high spatial and temporal predictability, as suggested in the case of hunting effect (fixed hunting seasons and sites: Cromsigt et al. 2013) , the overall influence of humans has a complex nature as it consists of multiple factors (fluctuations in traffic, tourist activity, forestry works, presence of domestic dogs, etc.) that contribute to its erratic character with low predictability.
An important question, though not specifically addressed in this study, concerns the relationship between the FGM response in animals and their fitness, as the glucocorticoid hormones are broadly implicated in mediating the physiology and behavior underlying the variation in life-history traits (Crespi et al. 2013) . This relationship, on the other hand, is not consistent and impossible to discern without experimentally manipulating glucocorticoid levels in disturbed and undisturbed areas (Dantzer et al. 2014) . It has been suggested that short-term increases in glucocorticoids should promote adaptive physiological and behavioral changes (e.g., those associated with escaping from a predator), whereas the long-term (chronic) increases may have detrimental effects on immune system, reproduction, or survival (Dantzer et al. 2014 ). Our comparison showing higher level and variance of the FGM in response to anthropogenic factors seems to suggest that ungulate populations exposed to human disturbance may currently experience an intensive selection pressure for endocrine phenotypes able to cope with diverse human activities. Nevertheless, as this study, to the best our knowledge, is the first attempt to estimate FGM variability in wild populations of ungulates at a large spatial scale, where it is difficult to control for all potential stressors and particularly its resulting physiological outcomes, we do not claim any direct effect on the individuals' fitness. This question remains to be farther studied.
Our research contributes to the knowledge on chronic stress in wildlife populations as it provided data showing clear and consistent differences in the level of FGM in 2 species of ungulates at the population level and allowed us to assess the relative strength of natural predation risk and human-related stressors. Based on these results, the role of humans in shaping the ungulate populations should not be considered as an equivalent of natural predation ensuring analogous functioning of the ecosystem due to the stronger disturbance by humans compared with natural predation.
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